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Abstract 
In this paper, we studied the electrical conduction and spectroscopic properties of the Ni-doped BiFeO3 (BFO), which 
were prepared by the sol–gel method and sintered into powders or compact pellets. The changes of sintering 
conditions due to the addition of Ni were studied and the solubility of Ni in BFO was estimated. Photoluminescence 
measurements were carried out for the Ni-doped BFO samples and observed four emissions at about 451, 468, 513, 
and 689 nm, respectively. The resistivity of the Ni doped BFO was reduced by more than three orders of magnitude 
than the un-doped BFO. The conductivity vs. temperature measurements revealed three activation energies, whose 
levels in the band gap matched well with the observed PL emission wavelengths. 
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1. Introduction 
A number of perovskite-type compounds (ABO3) have attracted considerable research interest recently, 
owing to their combined properties of ferroelectricity, (anti-)ferromagnetism, ferroelasticity, etc., which 
qualify themselves as the so-called multiferroic materials. Although a fairly large numbers of such 
materials have been identified during the past 20 years or so, BiFeO3 (BFO) remains to be one of the 
favorites because it is one of the very few confirmed multiferroics, showing both ferroelectric and 
antiferromagnetic orders at room temperature. Intensive studies on this compound also led to the 
discovery of other novel properties. Recently, BFO was reported to possess the photovoltaic property, 
opening a new area for potential applications [1]. However, for this kind of applications, the conductivity 
of BFO is far too low and proper doping to make it become semiconducting is necessary. Doping of Ni2+ 
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At. % 1 2 3 
Bi  26.59  25.25  25.49  
Fe  29.49  28.80  29.54  
O  42.76  44.18  42.98  
Ni  1.16  1.77  2.00  
was reported to increase the BFO conductivity significantly [2]. Here, we are presenting the study of the 
electrical and spectroscopic properties of the Ni-doped BFO bulk samples synthesized by the sol–gel 
method. 
2. Experimental 
The sol–gel was made from bismuth nitrate, ferric nitrate and nickel acetate. Each of the above 
chemicals was weighed according to the stoichiometric ratio and dissolved in the acetic acid by constant 
stirring at the temperature 40-50 qC. After ensuring no sediments/precipitate, some ethylene glycol was 
added and the solution was well mixed for 1-2 hrs. The chelated/complexed precursor solutions were 
mixed together and kept at about 70 qC for 3–4 days with vigorous stirring to form a viscous gel solution. 
The gel was dried at about 120 qC, which was then collected and pulverized in an agate mortar by 
grinding. The resultant powders were decomposed at 400 qC in an oven to remove the organic solvents. 
The obtained amorphous powders were pressed into pellets and sintered at different temperatures between 
600 to 820 qC. X-ray powder diffraction (XRD) was done to check the phase using the CuKD radiation. 
The compositions of the samples were analyzed by the energy dispersive X-ray spectroscopy (EDX) and 
the morphologies of the samples were observed by the scanning electron microscopy (SEM). The 
magnetic property was measured by the vibrating sample magnetometry (VSM) at room temperature. The 
resistivity measurements were done on silver coated pellets using an Agilent 34410a 61/2 digital 
multimeter. The spectroscopic properties of the samples were investigated by the measurements of the 
photoluminescence (PL) spectra. 
3.  Results and Discussion 
3.1 Phase purity and Ni doping limit in BFO 
Fig.1 shows the XRD patterns of 1 at% Ni-doped BFO samples, which were sintered at 600 qC, 700 
qC and 800 qC, respectively. A pure phase was found to form only at the temperature of 800 qC. When 
the sintering temperature was decreased, two extra reflection peaks appeared at 2T= 27.7q and 28.1q. The 
latter was easily identified to come from the well–known secondary phase Bi2Fe4O9 in this binary system, 
while the former arose from another Bi-enriched intermediate phase Bi25FeO40, indicating an incomplete 
chemical reaction. The experiment results showed that the Ni-doped samples required a higher sintering 
temperature than the pure BFO. 
Table 1 EDX results for the 1 at% Ni-BFO prepared at 800q
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Fig.1. XRD patterns of 1 at% Ni-doped BFO sintered at 600oC, 700oC and 800oC. Bottom panel from PDF 72-2035. 
Fig.2. XRD patterns of 3 at% Ni-doped BFO sintered at 600 qC, 700 qC, 750qC, 800qC and 820qC. Bottom panel from PDF 72-
2035. 
  
Fig.3. XRD patterns of 5 at% Ni-doped BFO sintered at 600 qC, 700 qC, 800qC and 820qC. Bottom panel from PDF 72-2035. 
 
However, for the 3 at% Ni-doped BFO, the above two impurity phases appeared at the sintering 
temperatures above 750ҏ C, as shown in Fig.2. An explanation to this confusion came only after the Γ
magnetic measurements, which showed the appearance of a large magnetic moment in the 3 at% Ni-
doped BFO samples, indicating the presence of some new secondary phase that was magnetic and 
contained Ni. As seen in Fig.3, the 5 at% Ni-doped BFO samples always contained the Bi-enriched 
intermediate phase for all the sintering temperatures attempted from 600 to 820qC, suggesting that the Ni 
doping was certainly over the solubility limit. 
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Fig. 4. SEM micrograph of the cross section of 1 at% Ni-BFO pellet. 
Fig.5. The M-H curves for the un-doped BFO, 1 at% Ni-BFO, 3 at% Ni-BFO, 5 at% Ni-BFO. 
Fig.6. The PL spectra of different Ni-doped BFO excited at ͓ex = 433 nm. 
3.2 Homogeneity of composition 
In the previous studies on the un-doped BFO samples, it was found that significant evaporation of Bi 
caused an inhomogeneity throughout a sample where the surface is rich of Bi while the internal is 
deficient. To check if the Ni doping improved or made the problem worse, EDX analyses were done on 
different areas of the sample. Fig.4 shows the cross- sectional SEM micrograph of a 1 at% Ni-doped BFO 
pellet measuring 10 mm diameter by 2 mm thick, in which the three red boxes indicated where the EDX 
analyses were performed. The results in Table 1 indicate that the compositions were uniform within the 
experimental error and Ni was indeed present in the sample. However, there seemed to have some excess 
of Fe in the sample. 
3.3 Magnetic characterization 
The room temperature magnetic property was measured by VSM. Fig.4 shows the magnetization vs. 
applied field (M-H) curves for the samples of un-doped BFO and 1, 3 and 5 at% doped BFO, respectively. 
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There was hardly a moment observed for the un-doped and 1 at% doped BFO samples, which was 
consistent with the canted antiferromagnetic spin structure known for BFO. However, a large moment 
was observed for the higher Ni-doped samples, indicating the appearance of some magnetic secondary 
phase, which was very likely to be the well-know spinel ferrite, NiFe2O4 [3]. The formation of this 
compound consumed some Fe, resulting in the excess of Bi in the samples and therefore the formation of 
the Bi-enriched intermediate phase Bi25FeO40, as indicated in Figs. 2 and 3. Combining the XRD and 
magnetic results, it is fairly conclusive to say that the Ni doping limit in BiFeO3 is below 3 at%. 
Fig.7. The PL spectra of different Ni-doped BFO excited at Ȝex = 450 nm. 
Fig.8. The emission spectrum of different Ni-doped BFO excited at Ȝex = 493 nm. 530 nm was likely to come from the spinel 
secondary phase as it was not present in other samples. 
 
 
 
 
 
Fig.9. The emission spectrum of different Ni-doped BFO excited at Ȝex = 667 nm. 705 nm was likely to come from the spinel 
secondary phase as it was not present in other samples. 
3.4 Spectroscopic measurements 
PL spectra of the doped Ni-BFO gave out several broad, weak emissions in the measured range from 
445 to 750 nm as shown in Figs.6-9. The observed emissions were at the wavelengths 452, 468 512, and 
689 nm, respectively. In principle, pure BFO only has the intrinsic emission arising from the band to band 
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transitions. Any other emission of longer wavelengths must come from the various defects and/or 
impurity (or dopant) levels inside the band gap. The observed emissions were consistent with the previous 
work using the Ni doped NFO thin film samples [4]. Compared with the previous work and the electrical 
conductivity data below, the above observed emissions may be identified as follows. The 452 nm 
emission comes from the inter-band transition and the 469 nm emission is probably due to the transition 
from the Bi2+ defect level to the valence band. The 512 nm emission is identified with the transition from 
the conduction band to the Ni3+ level. The 689 nm emission is related to the oxygen vacancies. 
3.5 The conductivity measurements 
As seen in Fig.10, the resistivity of the Ni-doped BFO samples were reduced by more than three orders 
of magnitude compared to the un-doped BFO. The 1 at% doped samples had the lowest resistivity 
compared to the 3 and 5 at% doped samples, which was apparently due to the segregation of the spinel 
secondary phase in the case of the over doping. The resistivity decreased with the increasing temperature. 
Fig.11 shows the Arrhenius plot of the conductivity vs. temperature curve (ı–T) for the 1 at% Ni-doped 
BFO, in which three kinds of slopes might be identified. At low temperature up to 225qC the activation 
of conduction was 0.14 eV, while at high temperature 315–450 qC, it was 0.3 eV. When the temperature 
was intermediate, i.e. 225–315 qC, the activation energy was observed to be 2.43 eV. The activation 
energy of 0.14 eV could be attributed to the lower valence bismuth ions (e.g. Bi2+), which was indeed 
observed in the X-ray photoelectron spectroscopy (not shown here). The other two activation energies 
were most likely related to the nickel doping. The energy levels derived from the measured activation 
energies could be well linked to the observed PL emission wavelengths [4]. 
 
 
 
 
 
Fig.10. The resistivity vs. temperature measurements of the un-doped BFO, 1 at% Ni-BFO, 5 at% Ni-BFO. 
 
 
 
 
 
 
Fig.11. The Arrhenius plots of ı–T curve for 1 at% Ni-BFO. 
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4. Conclusions 
The Ni-doped BiFeO3 (BFO) was prepared by the sol–gel method and sintered into powders or 
compact pellets. Photoluminescence measurements were carried out for the Ni-doped BFO samples and 
observed four emissions at about 451, 468, 513, and 689 nm, respectively. The resistivity of the Ni doped 
BFO was reduced by more than three orders of magnitude than the un-doped BFO. The conductivity vs. 
temperature measurements revealed three activation energies, whose levels in the band gap matched well 
with the observed PL emission wavelengths. 
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